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Abbreviations for Documentation

The Documentation produced by the present Joint Industry Project is as follows:

Initials

FMG

DPD

EC

APP

Document Name Status

Fibre Mooring Guideline This Document

Design Practice Document

Engineering Commentary

Worked Examples

Appendices
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Abbreviations Used in the Documents

The following list covers abbreviations for some of the technical terms and proper names
which are commonly used in this document. The list also includes abbreviations which are
frequently used in the textile fibre industry and which the designer of a fibre mooring system
may need to be aware of.

Abbreviation Term
ABS American Bureau of Shipping (classification society)
API American Petroleum Institute

BV Bureau Veritas (classification society)
CAILM Catenary Anchor Leg Mooring

DNV Det Norsk Veritas {classification society)
Dr Dynamic Positioning

HMPE High Modulus (gel spun) Polyethylene
LCAP Liquid Crystal Aromatic Polymer

NDE Noble Denton Europe

OCIMF Oil Companies International Marine Forum
PET Polyester

PPMA . Aramid (Para Aramid)

SALM Single Anchor Leg Moering

TLP Tension Leg Platform

TTI Tension Technology International

WRC Wire Rope Construction
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1.1

1.1.1

1.1.3

1.1.5

1.2

1.2.1

1.2.2

1.2.3

INTRODUCTION

General

The Engineers Design Guide for Deepwater Fibre Moorings covers the decpwater mooring

systems which incorporate synthetic fibre rope.

The Guide been developed as a Joint Industry Project supported by 0Oil Operators, Classification
Societies, Offshore Design and Installation Contractors, Rope Producers and Fibre Manufacturers (o
provide a common reference which can be used with advantage by all those involved in the planning,
design, analysis, approval, spcciﬁcation, commissioning, installation, testing, inspection and

retirement of mooring systems that include fibre ropes.

The Design Guide consists of the following related documents:

Fibre Mooring Guideline (this document)
Design Practice Document

Engineering Commentary

Appendices

s & & &

This document (the Fibre Mooring Guideline) describes the philosophy behind the Guide and

indicates its scope.

The Design Practice Document provides practical guidance and instruction on the items that need to

be considered and the way in which calculations should be made during the design and analysis
process. It also provides guidance on matters such as specification, installation, inspection and

discard.

The Engineering Commentary provides explanatory information to justify the comments made in

the Design Practice Document.

The Appendices provide supporting information.

It is anticipated that the Engineers Design Guide for Deepwater Fibre Moorings wiil be used in
conjunction with existing rules and regulations provided by such bodies as Classification Societies

and Government Agencies.

The user is advised to take due account of any regulatory requirements that may apply.

The Fibre Mooring Guideline Document

The purpose of this overview GUIDELINE is to explain the scope and philosophy of the design

approach which is contained in the Guide.

The GUIDELINE will also identify the factors which are likely to be the main concerns for any spread

mooring system that makes use of synthetic fibre ropes.

It should be used in conjunction with the DESIGN PRACTICE DOCUMENT which provides

detailed guidance on how to conduct the analysis and specification of such moorings.
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1.3

1.3.1

14

1.4.1

1.5.1

Relation to the Design Practice Document

The “Design Practice Document” provides practical guidance and recommendations on the design and
use of fibre rope assemblies in spread moorings. It is not in itself an exhaustive representation of all
the information and data currently available for spread fibre moorings and, as this is a new and rapidly
developing area of technology it will need to be supplemented periodically with additional

information and revised to take account of technical developments.

Other Recognised Standards

It is assumed that the floating structure and the elements in the mooring system are built to recognised

standards and will be maintained as required to continue to meet those standards,

Fitness for Purpose

Any deterioration of the moored Structure, mooring elements or anchors should be taken into account

by means of the design factor of safety when determining the fitness for purpose of the system.
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21

2.1.1

2.2

2.2.1

APPLICABILITY AND LIMITATIONS

General

The Design Guide is principally concerned with structures which are moored to the seabed by a

number of mooring lines consisting wholly or partly of synthetic fibre rope assemblies.

Tt is intended that the Design Guide be applicable to most temporarily or permanently moored floating

vessels.
The vessel may be fitted with thrusters to reduce the loads transferred to the mooring system.

It is recognised that there may be designs and/or circumstances when certain provisions may not apply
or where additional provisions would be required. Such instances should be reviewed on a case by

case basis.

The mooring lines may (and probably will) include other elements such as wire rope, chain, standard
connectors, buoys and sinker weights. Though the behaviour of these items is relatively well
understood and covered in various authoritative documents their interaction with the fibre rope

assemblies must be carefully considered.

Limitations
The following specific cases are not covered by the Design Guide although some parts of the

document may be relevant for such systems:

¢ Mooring of vessels to adjacent surface structures by means of hawsers
« Mooring of buoys to the seabed using single line moorings
e Vertical tethers for Tension Leg Platforms
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32

3.2.1

322

3.3

331

34

34.1

342

SITE AND ENVIRONMENTAL DATA

General Site Data

Adequate site data must be available to allow the mooring and installation analysis to be undertaken.

Environmental Data

Accurate environmental data will be required for the location to enable an adequate analysis of the

mooring system to be undertaken,

If the mooring system deployment is to be of limited duration (for example, the summer season only)

applicable seasonal data may be used.

Geotechnical Data

Site specific geotechnical information must be obtained for the anchor Iocations,

Floating Structure Data

Data for the vessel to be moored at the location will be required in order to allow aspects such as

environmental loading to be calculated.

The vessel should have sufficient strength and stability for the loadings imposed.
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4.2

4.2.1

4.3

4.3.1

44

44.1

4472

443

4.5

45.1

4.6

4.6.1

462

4.7

47.1

MOORING ANALYSIS

Compatibility of Design Approach

The entire design should be undertaken using a consistent method to ensure that appropriate factors of

safety against failure are maintained.

Design objectives

The following design requirements must be addressed:

operational watchcircle requirements

system overload (the ultimate strength limit state)

tension-tension fatigue life and compression fatigue life (the fatigue limit state)
e resistance to accidental damage conditions (damage limit state)

Loadings

Loadings can be derived from calculation or from model testing or a combination of these two

methods.

Analysis Methods

The analysis method should consider the various relevant limit states and demonstrate that an

acceptable solution has been achieved for the design life of the system.

The analysis of the mooring system behaviour can be determined by means of model tests, or

calculation or both.

Quasi static and dynamic analysis methods should be used as appropriate.

Specification of Line Characteristics for Mooring Analysis

A clear specification of the physical properties of the fibre rope assemblies is needed when

undertaking the design analysis t0 determine the response of the mooring system.

Factors of Safety

In line with cutrent mooring analysis practice the present document provides Safety Factors based on:

o mooring line design loads resulting from a specified set of environmental conditions
¢ the mooring element strength provided by testing or data furnished by the manufacturer

However certain fibre ropes can experience reductions in break strength and stiffness over their lives

and these will require the use of additional safety factors

Partial Factors

Future developments in analysis may introduce the use of Partial Factors which allow explicit factors
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. to be used to acceunt for:

* uncertainty in loads
® uncertainty in material and element strength
¢ consequence of failure

4.8 Combined Riser - Mooring Analysis

4.8.1 In the future it may become accepted practice for risers and moorings to be considered jointly in the

analysis process. This may be done using the present document as long as it is suitably adjusted to

account for the additional analysis requirements.

LS
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54.1

5.5
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5.6

5.6.1

57

571

58

5.8.1

DESIGN LIMIT STATES

General

The design criteria can be considered in terms of the design limit states which are outlined below.

Displacement Limit State

The mooring system shall be adequately stiff to maintain the moored structure within the operational

watch circle required for the activities of the platform.

Strength Limit State

The highest forces in the mooring lines determined from the mooring analysis should not exceed the
actual line strength taking into account an appropriate factor of safety reflecting:

e material or constructional uncertainty
¢ load uncertainty
» failure consequence

Compression Buckling Limit State

Some fibre ropes lose strength in frequent repeat loadings that impose axial compression on parts of
the fibre assembly. Limits for minimum axial loads and maximum bending will be required for these

ropes.

Fatigue Limit State

An assessment of the fatigue loading of the mooring lines should be made and compared with data

available on the fatigue resistance of the mooring line elements.

Effects of Creep and Creep Rupture on Fibre Maooring Systems

The effect of creep and creep rupture on 2 mooring system should be accounted for in the design.

Damage Due to External Abrasion, Particle Ingress and Fishbite

The rope should be able to survive the levels of fishbite damage to be expected for the location

provided with adequate protection against external abrasion, particie ingress and fishbite.

Accidental Limit State

Provision should be made for accidental limit states such as the ability of the mooring system to
survive damage to one or more mooring lines or a component of the station keeping system such as a

buoy, thruster etc.
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5.9

35.9.1

6.1.1

71

7.1.1

7.2

7.21

7.3

7.3.1

7.4

7.4.1

Other Damaging Mechanisms

The designers should be able to demonstrate that all realistic potential mechanisms that might cause
failure in the mooring line elements have been investigated and that the likelihood of their not

maintaining their fitness for purpose are acceptably low.

ROPE DESIGN AND SPECIFICATION

Specification

The rope vendor and the purchaser shall need to agree on a specification for the fibre rope assemblies
to be delivered. The technical capability of the fibre rope assemblies to meet the mooring system
requirements will depend critically on the as-delivered characteristics of the rope. The characteristics

of the rope will be demonstrated by means of prototype testing,

ROPE MANUFACTURE AND CERTIFICATION

General

Ropes and rope assemblies shall be constructed to meet the performance standards required by the

purchaser and within agreed tolerances.

Where prototypes have previously been made and tested the manufacturer should demonstrate that
materials and construction are within agreed tolerances of the prototype. Where no prototypes have
been made and tested the manufacturer shall document full material and constructional properties and

perform such testing as required to demonstrate achievement of performance standards.

Acceptance of Fibre Rope Assemblies

The Rope Manufacturer will previde appropriate quality assurance procedures. It is envisaged that
purchasing, testing and Quality Assurance (QA) guidelines will be provided in the future by

classifications and similar organisation

Other Items in the Mooring Lines

All other mooring line components; such as wire; strand, chain; in-line buoys and anchors should be

designed to perform adequately in the mooring system.

Storage and Shipping of Mooring Line System

Adequate provisions shall be made by the manufacturer to prevent damage to the rope during storage
and delivery. Fibre mooring lines should be stored to avoid overbending, crushing, overlapping and
permanent set. Special provision should be made for custom built termination housing within any

containets, reels or storage wells.
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8.2

8.2.1

9.14

9.1.5

9.1.6

MOORING LINE INSTALLATION

General

Installation procedures shall be developed which are capable of installing the fibre mooring system
without incurring damage to the fibre rope. If the system is pre-deployed prior to platform arrival the

temporary deployment must avoid damage to the mooring components.

The same phases need to be considered whether the mooring system is permanent or temporary.

Installation of Fibre Mooring Assemblies

Adequate arrangements must be provided for handling the mooring rope assemblies during

installation to ensure that they do not suffer damage.

OPERATION INSPECTION AND RETIREMENT

General

Operation

Records should be kept of line tensions and line shortening (due to take up of creep) during the
lifetime of the installation.

Inspection

Pending the development of field-proven NDT techniques for fibre ropes and their termination’s,
reliable field discard criteria are to be established by planned removal and test of redundant moorings

or mooring inserts on fibre rope moored platforms.

Depending on the design life of the mooring system prior to removal, it may be necessary to carry out

inspection of the mooring lines in accordance with classification society rules.

In the case of mooring inserts, these are to be sited so as to experience representative loading on the

lines in question.
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1. PURPOSE OF THIS DOCUMENT

The Design Practice Document for Fibre Rope Mooring Systems deals with the practical design

aspects of offshore mooring systems that incorporate fibre ropes.

It forms part of the Engineering Design_Guide for Deepwater Fibre Rope Moorings developed
through a Joint Industry Project supported by Qil companies, Classification Societies, Design

Contractors, Rope Manufacturers, Installation Contractors and Fibre Producers. This document

should be used in conjunction with the following associated documents:
* Fibre Mooring Guideline

¢ Engineering Commentary

* Working examples (see Appendix 1) ‘

¢ Appendices
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The present document is aimed at providing practical guidance and instructions on the issues that

need to be considered and the way in which calculations should be made during the design and

analysis of fibre rope mooring systems. It covers the subjects which are specifically related to the

fibre rope moorings such as rope material properties, connecting equipment, design criteria, mooting

analysis method, installation, certification and discard criteria.

This document has been developed to be complementary with API Recommended Practice 25K,

“Recommended Practice for Design and Analysis of Station keeping Systems for Floating

Structures”, First Edition, June 1995 and references have been to API RP 2SK on many occasions.

The Design Practice Document for Fibre Rope Moorings is intended to be used as supplement to

recognised standards and codes currently in use on design and analysis of offshore mooring systems.

2. PROJECT MEMBERSHIP
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Exxon (EPRCo)

Hoechst Celanese Corp., USA

Le Lis ,Netherlands

Lloyds Register of Shipping, UK
Marlow Ropes

Mersk Supply Service, Denmark
Norsk Hydro, Norway

Petrobras

Quintas and Quintas

Rockwater Ltd., UK

Saga Petroleum a.s. Norway
ScanRope afs, Norway

Shell (A/S Norske Shell),Norway
Single Buoy Moorings, France
Smit Engineering B.V., Netherlands
Statoil, Norway

H. Rgraas

Joop van Leeuwen
Tom Sloan

Mike Taggart

F Rogers

Randy Longerich
Richard Leeuwenburgh
W.D.M Morris / Roger Dyer
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Helge Skjaeveland / Ole Myklestad
P Balleraud

T. Vergouw /W. Terpstra
Bjorn Abrahamsen

File:g:\projects\i is-edp\reports\dpdireva\pre-rdva.doc

Printed:15/06/98

Page 2 of 3




NDE/TTI Engineers Design Guide -

Deepwater Fibre Moorings

Design Practice Document - Rev.4 l

3. CONFIDENTIALITY

This document is confidential to the project membership until the

distributed.

Working Draft is agreed and ,
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Basic Terminology

Basic List of Terminology
for
Fibre Ropes and Fibre Rope Deepwater Mooring Systems

This is a brief list of some of the more important terms and abbreviations used in the
Engineers Design Guide to Decpwater Fibre Moorings. A more comprehensive list is
provided in Appendix 1.

The terms are listed alphabetically under each main heading.
Contents

Mooring Systems and Equipment:
Fibre and Yarn Terms:

Rope Terms:

Strength and Durability Terms:
Stiffness Terms:

oA e
] =1 O -

1. Mooring Systems and Equipment:

Term Description

] Sea Surface

Catenary Mooring Lines

e catenary mooring Platform

A mooring in which the weight of the submerged line is significant and gives
rise to a catenary profile. The line angle at the seabed is often close to
horizontal meaning that very little vertical load exists at the anchors.

s fairlead to winch

Fairlead
Line

to anchor

A sheave or guide used to divert the mooring line where it attached to the
platform. It is usually submerged.
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Term

* insert line mooring
system

¢ offset

* permanent mooring

piled anchors

single point mooring

Description
Platform
] Sea Surface
J S—
Insert Line

Sea Bed

Bl = & &

A mooring system in which a significant length of the free spanning mooring
line in a system is replaced with an insert portion. Fibre rope inserts give low
submerged weights for the mooring lines.

The horizontal distance moved by the platform under the influence of
environmental loading

A mooring for a permanently located platform. (Typical design life between 2
and 30 years)

Mooring Line

Pile

An anchor consisting of a vertical pile driven into the seabed.

Vessel held at Buoy

T T by Hawser
Anchors
Buoy
Single Point Mooring

Sy

A mooring in which a buoy or turret is held in position by a spread of mooring
lines but the connecting platform is free to rotate about the fixed point.
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Basic Terminology

Term Description

-

¢ spread mooring
Anchors

Spread Mooring

A mooring in which a spread of mooring lines is used to hold a platform
horizontally in position without rotation.

s suction anchors
Removable

Pump Pack and
umbilical Mooring Line

§ Suction Anchor

An anchor consisting of a vertical cylinder with a closed top and open bottom.
It can be pulled inte position by actively applied suction on the inside. Once
in location it uses passive suction (o withstand vertical loads.

s taut leg mooring Platform

Sea Surface —

™~

Taut Mooring Lines

Sea Bed

A mooring in which the lines are close to straight and possess little catenary
sag. For such moorings there is a significant level of vertical load applied at
the seabed anchors.

s temporary mooring A platform mooring which will only exist for a temporary period such as
during exploratory drilling.
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Term Description

* turret mooring

A type of single point mooring in which the vessel includes a turret which is
held in position by a spread of mooring lines. The vessel is free to rotate about
the turret,

* vertical {ift anchors

Mooring Line

Vertical Lift Anchor %

Vertical lift anchors are modifications of conventional drag embedment
anchors in which the line of loading s changed to be near perpendicular to the
flukes after the anchor has been set in position.

* vortex induced vibration  Vibration induced by regular vortices such as water flowing perpendicular to a
taut rope.
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2. Fibre and Yarn Terms:

Term

» aramid (fibre, yarn)

¢ fibre

s filament, continuous
filament

e finish

« HMPE (fibre, yarn)

¢ linear density
» marine finish

o nylon (fibre, yarn)

s polyester (PET) (fibre,
yarns}

s tex

e textile yarn

s yarn

Description
Commonly, the synthetic polymer, poly (p-phenylene terephthalamide), which
is spun into high-modulus, high tenacity fibres from solution (e.g. Kevlar,
Twaron).
A “long fine unit of matter”, used for textile purposes, including such
technical textiles as rope. May be short (staple fibre) or of indefinite length
(filament).

A fibre of indefinite (effectively infinite) length.

A substance applied to a fibre, yarn or rope to change surface properties, e.g.
to reduce friction and improve abrasion resistance.

Commonly, high modulus, high-tenacity fibres gel-spun from high molecular-
weight polyethylene (e.g. Dyneema, Spectra).

Mass/length, the usual way of expressing the “size” of a yarn.
A finish (g.v.), which will remain on the yarn in a marine environment.

Commonly, the synthetic polyamides, nylon 6 and nylon 66, which are made
into fibres by melt-spinning

Commonly, the synthetic polymet, poly (ethylene terephtlalate), which is
made into fibres by melt spinning.

Unit of linear density (mass per unit length) for fibres and yarns, equal to
glkm.

A term used in the rope industry for yarns as made and supplied by fibre
manufacturers.

A linear assembly of fibres used for manufacturing fabrics and other products,
such as ropes.
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3. Rope Terms:

Term

* area (rope area)

¢ bedding-in

¢  braid, braided

* braiding

* core (rope core)
s filler

* jacket (rope jacket)

* parallel strand (rope)

* parallel yarn (rope)

* reference tension

* rope weight

* rope yarn

¢ strand

* sub-rope

¢ wire-rope construction
(fibre rope)

Description

Area may be based on external rope dimensions, with or without Jjacket, or on
yarn or fibre area in rope cross-section. Consistency in context is required.

A tightening of the rope structure, which causes an increase in length, under
applications of tension for a number of cycles after manufacture.

A product of braiding g.v. Hollow braids are used as rope jackets,

A process of interlacing yarns so that they cross one another in diagonal
formation.

The main, central load-bearing part of a rope.

A substance used to fill the spaces between the components of a rope.

An outer covering put on a rope core to give protection, and , in parallel
constructions to hold the components together. May be a braid, made from
yarns, or a solid plastic tube.

A rope composed of 2 number of parallel sub-ropes in a braided jacket.
Usually the sub-ropes are of low-twist three-strand construction, but braided

sub-ropes are also used.

A rope composed of a large number of paraliel yarns, usually fow-twist rope
yarns, in a plastic jacket.

Low tension applied when measuring rope length,

Commonly used term for the linear density (mass per unit length) of a rope.
Preferably given in kg/m.

A yarn composed of a number of textile yarns twisted together by the
ropemaker.

A number of rope yarns twisted together. The largest component of a I0pe or
sub-rope.

A number of strands twisted (or braided) into a rope form, commonly with
low twist. Component of a parallel-strand rope.

A fibre rope with a construction similar to that of a steel-wire rope, consisting
of a number of strands twisted in layers around a common axis. E.g. 6-round-
1, 12/6/1, 18/12/6/1. The central strand thay or may not be load-bearing.
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4. Strength and Durability Terms:

Term

creep

primary creep
secondary creep
creep rupture

axial compression fatigue

hydrolysis

Certified Breaking
Strength (CBS)

Stiffness Terms:

Description

Continuing elongation with time under tension. May be recoverable (primary
creep) or non-recoverable (secondary creep).

See creep
See creep
Breakage after a time under tension.

Failure after cyclic loading in which some rope components alternate between
compression and tension.

Chemical degradation of fibre in the presence of water.

The minimum rope strength guaranteed by the manufacturer.

(also see area and weight)

Term

stiffness

modulus (E)

specific modulus

post-installation stiffness
storm stiffness

intermediate stiffness

Description

Force (tension) / strain. Equals E.A (modulus x area) and K.L (spring
coefficient x length).

Siress (tension/area) divided by strain (elongation/length).

Specific stress (tension/rope weight or yarn lincar density) divided by strain
(elongation/length).

Stiffness immediately after installation. (DPD 53.2).
Stiffness in storm conditions. (DPD 5.3.2)).
Range of stiffnesses between minimum {post-installation) stiffness and

maximum (storm) stiffness. Depends on prior history and applied cyclic
loading.
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1. INTRODUCTION

1.1 FIBRE ROPES FOR DEEPWATER MOORINGS

High strength and high modulus fibre materials offers particular advantages for deepwater moorings. This guide

has been developed for the design of deepwater fibre moorings.

A good general description of conventional mooring configurations has been given in Section | of API RP 28K
(1997) and in addition the API document presents a comprehensive guide to the design of conventional
deepwater moorings. However it does not cover the subject of deepwater synthetic fibre mooring lines in any
detail. The purpose of the present guide is to provide an extension to the API guide in order to cover the subject

of deepwater fibre moorings.

This introduction gives a brief overview of the main features of fibre moorings. More details can be found in the
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later Sections and their associated Engineering Commentary Sections,

1.1.1 LIMITATIONS OF STEEL MOORING SYSTEMS

In deep water there may be advantages in using fibre moorings. With steel moorings, excessive line pretensions
are required to maintain an acceptable horizontal angle at the fairlead and this reduces the payload of the
platform. Also, installing steel moorings in decpwater calis for large and expensive handling equipment.
Furthermore the catenary moorings take up a large area of the sea floor - typically a radius of 4 to 6 times the
water depth for chain - which is a problem in congested sites. The weight effects of steel mooring systems can be
mitigated by the use of sub-sea buoys but these have to be strong enough to withstand the hydrostatic pressure at
the appropriate water depth. As a result they are heavy and expensive and have the additional disadvantage of

being difficult to handle during installation.

According to Firth (1997) catenary mooring systems, using steel rope and chain, are used successfully up to 850

meters depth. However fibre ropes may be competitive at shallower depths and alternative steel rope and chain

systems can be used at greater depth.

1.1.2_TAUT LEG AND INSERT MOORINGS USING FIBRE ROPE

The two key features of high strength, synthetic fibre materials are their high strength-to-weight ratio and the

changes in axial stiffnesses, which occur during usc as a result of different load effects.

The fow weight offers the possibility of moorings with very small catenary sag - the so-called taut leg mooring
system. In such a system the anchors must resist vertical loads. The concept is illustrated in Figure 1.1.1. The
taut leg mooring system relies for its compliance on the axial extensibility of the mooring line rather than the
catenary profile and as has been noted this may vary considerably during the life of the rope. The mooring
designer must be able to devise a mooring system in which the extreme range of axial stiffnesses inherent in fibre

rope nevertheless results in an acceptable design.

A variant is the insert line catenary mooring system in which chain or steel wire is used at the seabed to

provide a catenary, which provides both compliance and weight (o stop the anchor seeing vertical loads. The

insert line mooring concept is illustrated in Figure 1.1.2,
1.1.3 SUMMARY OF BENEFITS OF FIBRE ROPE MOORINGS

A number of benefits of fibre rope in deepwater moorings are listed below.

Reduced Offsets Taut Leg moorings can result in significantly smaller offsets which
can result in the selection of simpler riser systems which are also
easier to install.

Less Equipment For ultra-deep water depth, mooring systems using fibre ropes can
provide high restoring capacily without the need of using buoys and
clump weights.
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Reduced Handling Weight Fibre ropes are lighter than steel ropes.

Simpler Installation Lighter installation weights and simpler riser systems will result in
reduced installation costs

More Payload Fibre rope mocring systems apply smaller vertical loads to the
moored vessel and thus increase the effective payload.

Less Line Length Fibre rope mooring requires less line length especially for taut line
systems. This reduces the amount of rope needed for a mooring
with consequent savings in transport, storage, installation and
inspection.

Small Footprint The small foot print of the taut leg mooring concept is an advantage
in areas where there is a considerable amount of subsea equipment
deployed.

1.2 MAIN CHARACTERISTICS OF FIBRE ROPES

1.2.1 DIFFERENCES FROM WIRE ROPES

For the engineer, the most important difference between fibre ropes and wire ropes is the fact that, whereas for
wire Topes there is a history of practical experience going back for over a hundred years, there is very little
background of application of fibre ropes in demanding marine and other civil engineering applications. Both the
fibre materials and the rope constructions and terminations are new technology. High-performance fibre ropes
of the strength and type envisaged for deepwater moorings have only started to be made and tested in the last

few years.

Technically, the main differences are:

o Fibre ropes have low weight and so are lighter to handle and give negligible catenary
forces in a mooring.

» Fibre ropes have higher strength at the same weight.

e Fibres have more complicated load-elongation properties than the simple elastic-
plastic response of steel.

o A large fibre rope is made of millions of fine fibres, instead of a smaller number of
thicker wires.

e Corrosion and metal fatigue are replaced as potential problems by other fatigue
mechanisms.

Although well-designed and manufactured ropes are rugged engineering products, it should be noted that their
jackets are softer than steel and that fine fibres are easily broken if they are allowed to be individually stressed,
though they act together in a well-constructed fibre rope. Misuse has led to failures, as in the past with steel
constructions, but there is good evidence of durability greater than wire ropes under conditions expected in

deepwater moorings.
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1.2.2 FIBRE MATERIALS

The fibres currently being evaluated for use in permanent or temporary deepwater moorings are polyester (c.g.
Diolen, Trevira, Seaguard), aramid (e.g. Kevlar, Twaron), and HMPE (e.g. Dyneema, Spectra). Detailed data
and comments in this DPD will be limited to these fibres, for which comparative test data are available from the

EIBRE TETHERS 2000 (1995) study.

Under some circumstances Nylon may be considered for use if’ a fibre similar in strength to polyester, but with

lower stiffness, is required.

The LCAP fibre, Vectran, which was also included in FIBRE TETHERS 2000, is available for specialised

applications where its properties are advantageous, but current production would not be sufficient for a large

mooring. Several other high modulus fibres are under development, but are not currently available in sufficient
quantities for use in moorings,

The bar charts in Figure 1.2.1 show typical values of yarn properties in comparison with steel. The mechanical

properties will cover a range near these values, varying according to the fibre supplier and the grade. As
discussed later, modulus values differ considerably depending on the conditions of measurement; the bar charts
give only a rough indication of relative values. The mechanical properties for polyester are for industrial yarns;
other polyester yarns with lower strength, lower modulus and higher extension are used for general textile

applications.
1.2.3 ROPE CONSTRUCTIONS

There are many rope constructions. Those under current consideration for deepwater moorings are the so-called

* “wire-rope construction”

* _“parallel strand”

*_ “parallel yarn” .

The main structural levels in a fibre rope, although not all present in every construction, are:

* “textile yarns”, as made by the fibre producer and typically consisting of about 1600
individual filaments

® rope yarns, assembled from a number of textile yarns by the ropemaker
* strands made up from maity rope yarns

* sub-ropes of several strands

s the complete core rope assembly

* rope, sub-rope and strand jackets
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1.2.4 FIBRE TERMINOLOGY

The fibre and rope industries take mass per unit length_(commonly calied “rope weight'™} as a basic defining

quantity. This is because volume and area are uncertain quantities, which are dependent on how tightly the

fibres are packed together.

Although there are variations based on other units, the essential definitions, which the engineer needs to keep in

mind, are as follows.

For the mass (weight } of the product:

o fibres and yarns tex = gram per kilometre

¢ TOpes kilogram per meter (kg/m) = megatex (Mtex)
For mechanical properties:

specific values of strength, modulus, and stress_are given by force divided by mass per unit length. This is also

equal to stress/density

« Newton per tex (N/tex) = GPa/(g/cm’) or (kN/mm?) / (g/em’)

Despite familiarity with conventional units of stress based on arca, engineers could find it more convenient to

work in these mass-based units.

1.2.5 ROPE SIZE AND STRENGTH

An engineer’s first consideration is the strength and size of a rope. Current manufacturing capability provides for

rope with break loads up to around 20,000 kN (= 2,000 tonne) in continuous lengths_of up to 1,000 metres or

more depending on the size of the rope. There are substantial differences between ropes made from different
fibres, and from steel wire, but only smaller differences between the constructions. The bar charts in Figure

1.2.2 show comparisons for ropes with a break load of 10,000 kN (= 1,000 tonnes ). For ropes of other break

loads the mass per unit length and cross sectional area will, as a first approximation, scale directly with break

load and diameter will scale as square root of break load.
1.2.6 ROPE ELONGATION AND STIFFNESS

Figure 1.2.3 shows the elongation properties of a rope-making polyester yarn as measured by Bosman (1996),
compared with the ideal elastic-plastic response assumed for steel. The other fibres will show similar effects, in
some cases less severely, in others more severely. The complications to note are the non-linearity_ and the lack of
recovery to the initial state (inelasticity), the cyclic loop giving energy dissipation (hysteresis), the continuing
elongation with time (creep). Due to the visco-elasticity of the material, the response would be somewhat

different if the deformation was on a different time-scale. Another difference from steel is that fibres have

Hle:\\nd-lOl\vnll\ndcs\inst:’\oroiects\iis-edg\rcnons\dnd\rev-'i\l-r4vb.doan'nted: 12/06/98 Page 5 of 9




NDE/TTI Engineers Design Guide - Deepwater Fibre Moorings
Design Practice Document - Reyv. 4

highly oriented structures and are therefore anisotropic and are weaker in the transverse direction and in shear

than in the axial direction.

Rope construction brings in two other effects. Firstly, the values of strength and_resistance to extension

(stiffness), will be reduced by a conversion factor due 1o the angles of the fibres in the rope and effects of
variability. Secondly, the rope is puiled into a tighter structure when load is initially applied. This gives

additional elongation, known as bedding-in.

A simple approach is to separate the rope responses into upper and lower bounds as illustrated in Figure 1.2.4 in

order to deal with different engineering design considerations. As shown in Figure 1.2.4 (b} and as discussed in

DPD 5.3, the lower and upper bound stiffnesses can be used to treat post-installation, and storm loading

Iespectively over appropriate tension ranges. The bar chart in Figure 1.2.5 is an approximate guide to

comparative values of stiffness, for 1 0,000 kN (= 1,000 tonne) break load ropes_in different materials. To a first

approximation, the stiffnesses will scale with break load.

Hysteresis leads to internal heating in any rope structure. Such heating is unlikely to present a problem in wetted
ropes at the moderate cyclic strains typical of most FPS applications, Hysteresis can be calculated from the loss

factor in load cycling, though more experimental data are needed for reliable estimates of heating.

There is little data available on creep in ropes, but a general indication of the effects of creep is given by yarn
data from FIBRE TETHERS 2000 ( 1995). There are two practical effects. Continuing elongation under load
may lead to a need to re-tension lines. In most fibres, creep reduces in rate with time and is approximately the

same for equal increments of log(time). Figure 1.2.6 shows comparative creep over | decade of log(time).

Under high enough loads creep may eventually lead to rupture. Comparative values are given in Figure 1.2.7.
Note that for HMPE, which is the fibre most susceptible to creep, the extent of creep and creep rupture is
strongly dependent on the particular supplier and grade. Some newer HMPE fibres show reduced creep, and

there is also evidence indicating that creep in rope is less than creep in yarns.,

1.2.7 DURABILITY AND FATIGUE

In considering features which may limit the life of fibre ropes selected for deepwater mooring, factors which
should be checked, but are not expected to be a problem, include hydrolysis, heating and internal abrasion.

Comment on the possibility of creep rupture was given at the end of the previous section.

A major difference from wire ropes is the sensitivity of fibre ropes to axial compression fatigue. If any
component of a rope goes into axial compression, sharp kinks will develop, either in fibres or yarns as a whole
or in the internal structure of fibres, and lead to failure after a number of cycles. Figure 1.2.8 gives an indication
of the comparative sensitivity of different fibres to axial compression fatigue as shown by yarn buckling tests.

An excessive number of cycles in conditions which may give rise to axial compression should be avoided.
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1.2.8 EXTERNAL ABRASION AND CUT RESISTANCE

If an unprotected fibre rope is subject to external abrasion, individual fibres on the surface can be broken and
worn away with resulting weakening of the rope. In order to avoid the problems of external abrasion, the rope

needs to be properly jacketed and to be handled with a reasonable degree of care.

In some locations it may be necessary to take steps (o limit damage from fishbite

1.3 APPLICABILITY OF THIS DESIGN GUIDE

1.3.] TAUT LEG AND INSERT LINE SYSTEMS

This Document has specifically been developed to be used for fibre rope moorings in the form of taut leg and
jnsert line moorings. These mooring types are suitable for use in the two main configurations of deepwater
moorings currently being developed:

» Single point mooring allows the moored vessel to weather vane

s Spread mooring provides restraint against yaw motion

The kinds of moored platforms that are suitable for mooring with fibre ropes includes: semi-submersibles, ship

shaped floaters, spars and barges. Bottom based structures such as compliant towers may be suitable.
1.3.2 PERMANENT AND TEMPORARY MOORINGS

Fibre moorings are candidates for both permanent and temporary moorings and this Document may be used for

both.

Permanent mooring systems are typically designed to operate at on¢ location over a period that might range

typically from 2 to 30 years. In addition there will normally be a requirement that risers etc. will not be

disconnected throughout its life. As a result mooring lines used for such a system must provide high integrity

over long periods. However once installed the lines will only receive occasional handling.

Temporary mooring systems are typically used for mobile rigs during exploratory drilling or tender support
operation. In these circumstances it may be acceptable to disconnect the riser system in extreme weather
conditions thus allowing the resulting watch circle to be increased. The mooring lines must however be able to
withstand retrieval and deployment handling for each location move. The lines must be easily stored and handled

and able to survive repeated deployment and retrieval.
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1.4 CASES NOT COVERED BY THIS DESIGN GUIDE

1.4.1 SINGLE LINE MOORINGS

This Document is not designed for use with single line moorings where there is little control over the tension in

the line and the possibility of seabed abrasion.

1.4.2 HAWSERS

This Design Practice Document is not designed for use with Berthing Hawsers, Towing Hawsers or Single

Point Mooring Hawsers.

1.4.3 TENSION LEG PLATFORM TETHERS

This Document is not designed for use in the design of Tension Leg Platforms Tethers where there the loading

regime of the tether is very different from conventionally moored vessels.

1.5 OTHER GENERAL CONSIDERATIONS

1.5.1 COMPATIBILITY OF MOORINGS AND RISERS

An integrated design approach of mooring and risers is advocated so that the excursion characteristics of the
mooring system are consistent with the allowable excursions for the risers, Fibre rope mooring systems are likely
to offer the benefit of smaller vessel offsets in deep waters when compared against comparable steel catenary

mooring systems and this is beneficial to the riser system design.
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Figure 1.1.1
Taut Leg Mooring System
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Figure 1.1.2
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Figure 1.2.1
Typical yarn properties, data from manufacturers literature or Morton and Hearle
(1993)
Figure 1.2.1 (a) : Fibre density : g/cm3
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Figure 1.2.1 (¢) : Yarn strength (weight basis) : N/tex
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Figure 1.2.1 (d) : Yarn Modulus (fibre area basis) : GPa
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Figure 1.2.1 (¢) : Yarn Modulus (weight basis) : N/tex
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Figure 1.2.1 (f) : Yarn melting point : Degree C
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Figure 1.2.2
Typical dimensions of 10,000 kN (=1,000 Tonne) Ropes
(Based on Jacketed Rope - Nominal Manufactures List Diameter)
Figure 1.2.2 (a) : Typical 10,000 kN (=1,000 Tonne) Rope : weight in air :
kg/m
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Figure 1.2.2 (b) : Typical 10,000 kN (=1,000 Tonne) Rope : weight in water
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Figure 1.2.2 (¢) : Typical 10,000 kN (=1,000 Tonne) Rope : area cm’
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Figure 1.2.2 (d) : Typical 10,000 kN (=1,000 Tonne) Rope : diarneter : mm
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Figure 1.2.3

TYPICAL TENSION - ELONGATION CHARACTERISTICS
FOR FIBRES COMPARED WITH STEEL
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Fig 1.2.3(a): Typical Elastic Properties for Polyester Fibres (After Bosman, Akzo Nobel) Showing
(i) Initial non-linear load-extension.
(i) Hysteresis loops.
(ii1) Creep at constant tension within the working load range.
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Fig 1.2.3(b): Typical Elastic Properties for Steel Wires Showing
(i) Highly linear load extension graph to yield point
(i) Insignificant hysteresis loops up to yield point
(1ii) Significant creep only above yield point
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Figure 1.2.4 (a)

Ilustration of Concept of Upper and Lower Stiffness Bounds for Fibre Ropes
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Figure 1.2.5
Typical Stiffnesses for 10,000 kN Breaking Strength Ropes
Figure 1.2.5 (a) : post-installation stiffness : E.A (kN)
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Figure 1.2.6

Typical estimates of creep (% increase in length) to be expected under 30% break load,

ropes is less than creep in yarns

Based on FIBRE TETHERS 2000 (1995) yarn data.

Note that newer HMPE yarns are now available with less creep and that there are indications that creep in

DPD

Figure 1.2.6 : % Creep at 30% break load - 10 days to 100 days %
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Figure 1.2 4(b)

Typical Stiffness Limits for 10,000 kN Breaking Strength Polyester Mooring
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Figure 1.2.7

Estimates of Creep Rupture time to fail at 30% of break load.

ropes is less than creep in yarns

Based on FIBRE TETHERS 2000 (1995) yarn data.

Note that newer HMPE yarns are now available with less creep and that there are indications that creep in

DPD

Figure 1.2.7 : Creep Rupture: Years to Failure at 30% of Break Load
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Figure 1.2.8
Typical sensitivities of yarns to axial compression fatigue
(from Fibre Tethers 2000 (1995))

Figure 1.2.8 (a) : cycles of compression buckling : onset of strength loss
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Figure 1.2.8 (b) : cycles of compression buckling : severe strength loss
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2. ROPE MATERIALS

2.1 INTRODUCTION

The principal materials used in fibre ropes are the yarns supplied by fibremakers, which are used in the main
load-bearing core of the rope. The rope core may also contain lubricants and fillers, and other materials. Outer

protective Jackets may be made from yarns or from other materials, usually plastics.

Since not all fibre rope assembly propertics can yet be accurately predicted from yarn properties, the mooring
designer should select and specify fibre moorings on the basis of properties of the complete fibre rope assembly

as set out in DPD-5 and DPD-9 respectively.
Primary responsibility for selection of materials lies with the rope assembly manufacturer.

The details on yarn materials provided in the following section are intended to assist the mooring designer in

discussing the selection of rope yarn with the rope assembly manufactuser.
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2.2 LOAD BEARING CORE YARNS

2.2.1 YARN TYPES

The yarns currently being evaluated for use in deepwater moorings are:

e polyester (polyethylene terephthalate)
e aramid {aromatic polyamide)
e HMPE (high modulus polyethylene)

Detailed comment in the DPD is limited to these materials. Polyester provides ropes of lower axial stiffness and

strength than aramid and HMPE ropes of the same size.

Nylon _is recommended by Cloos and Bosman (1997) when a lower modulus fibre, with a strength similar to

polyester, is required. This is particularly applicable to sjtuations with large displacements and shallow depths,

but care should be taken to minimise the incidence of internal abrasion in wet nylon ropes.

A number of other high performance fibres are available for specialised applications or are under development,

Further information is given in EC-2.2.

Indicative values of yarn properties were given in DPD-1.2. The effective properties of the material when made
into a rope will be significantly different and this is considered in DPD-5. Further information on these and other

yarns is given in EC-2 and in the detailed Tables of fibre properties in Appendix 2.

2.2.2 YARN SELECTION

Appropriate core yarns will be selected by the ropemaker to meet the fibre rope assembly properties selected and

specified in DPD-5 and DPD-9 respectively,

2.2.3 EXISTING STANDARDS, GUIDELINES AND SPECIFICATIONS

No commonly accepted standards, guidelines and specifications exist for man-made-fibre ropes for deepwater
fibre moorings in the above materials. In specifying fibre mooring rope assemblies in DPD-9, it s recommended
that the philosophy of first building and testing a carefully specified prototype rope as prescribed in the OCIMF
(1987) hawser guidelines be followed.

2.2.4 YARN QUALITY

It is essential that first-grade yarns of a type intended for use in marine ropes should be used. Quality control
procedures, as specified in DPD-11, should ensure that the yarn used in the rope manufacture is the yarn

specified or used in prototype rope testing.
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3 ROPE JACKETS AND COVERS ON SPLICES

2.3.1 GENERAL REQUIREMENTS

Outer protective materials should be selected to have adequate resistance to hydrolysis, fishbite, friction and
shear and retain adequate flexibility at minimum exposure temperatures. These characteristics are described in

more detail in DPD-3.3.

2.3.2 BRAIDED JACKETS

The yarns used in braided jackets and protection for spliced terminations will be of the types listed in DPD-2.2,
but will not necessarily be of the same material as the core yarns. Primary responsibility for selection of the

yarns to meet the rope specification will be with the rope manufacturer.

Splice covering materials should have low friction and high wear resistance. They should have adequate

resistance to hydrolysis and adequate flexibility at minimum exposure temperatures throughout design life.

2.3.3 PLASTIC JACKETS

Materials suitable for plastic jackets can be applied by many different techniques, the most common are by

extrusion, dip or spraying.

Plastic jackets are usually of the thermoplastic or elastomer type and can be applied in the form of 100% solids,
or water or solvent based solutions. Material properties are very diverse and the rope designer can choose from a
complete range of hardness from soft to very hard. Some typical plastic grades used for jackets are discussed

further in the EC.

2.4 FINISH AND FILLERS

Yarns used by the ropemaker to meet the fibre rope assembly properties selected and specified in DPD-5 and

DPD-9 respectively should be provided with a durable marine finish. Additional lubricants and fillers may be

specified, for instance to reduce the formation of friction hot-spots within the rope which can be caused by un-
Jubricated fibre-to-fibre contact when a rope is being cyclically loaded. For permanent moorings these should be
compatible with any yarn lubricant, show adequate fatigue performance in prototype testing and remain effective

through the tope’s design life. They should additionally comply with the appropriate requirements given in ISO

4346 (1977) or equivalent standards. Consideration should be given to monitoring their effectiveness of over the

life of the installation.
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3. ROPE CONSTRUCTIONS

3.1 FIBRE ROPE COMPONENTS

Most fibre ropes comprise a core to withstand tensile loads and an outer jacket, which often has little tensile load

bearing capability. Additional protective coatings or wrappings may be applied after rope manufacture.

The design of the load bearing core will generally be selected by the rope supplier to meet the fibre rope

assembly specification set out by the user. Procedures for this are set out in DPD-9.

Optimum design of the outer protective layer may require major input from the user, as set out in DPD-3.3

below.
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3.2 ROPE CONSTRUCTIONS AND PROPERTIES

3.2.1 ROPETYPES

A review of some common load bearing core constructions for man-made-fibre ropes is provided in EC-3.2, Of

these, three offer significantly higher strength per unit weight than the remainder. They are
o Parallel yarn constructions
¢ Parallel sub-rope constructions (parallel strand)

* 'Wire Rope’ stranded constructions

3.2.2 EXISTING STANDARDS, GUIDELINES AND SPECIFICATIONS

No commonly accepted standards, guidelines and specifications exist for man-made-fibre ropes for deepwater
moorings in the above constructions. In specifying fibre rope assemblies in DPD-9, it is recommended that the
philosophy of first building and testing a carefully specified prototype rope as prescribed in the OCIMF (1987)
hawser guidelines be followed. Note however that test and termination techniques for deepwater fibre moorings

will differ from those for the marine hawsers specified in the OCIMF guidelines.

3.2.3 STRENGTH

Tables of average strength/weight and size data for polyester ropes in the above constructions are provided for

preliminary information purposes in EC-3 (see Tables EC-3.2.4, 3.2.5and 3.2.6).

Comparative strength data for 10,000 kN (= 1,000 tonne ) rope_assemblies made of polyester, aramid and HMPE
fibres are set out in DPD-5 (Table 5.2. 1}

3.2.4 AXIAL STIFFNESS

Definitions of rope stiffness relevant to deepwater moorings are discussed in DPD-5. Comparative axial stiffness
data for polyester ropes in the three above constructions are provided for information purposes in EC-3.2.4. Few

of these data have yet been verified by testing at the sizes appropriate for deepwater mooring.
Suggested maximum and minimum axial stiffness data for deepwater fibre mooring assemblies based on

polyester, aramid and HMPE fibres are set out in DPD-5 (Table 5.3.1).

3.2.5 TENSION-TENSION FATIGUE LIFE

Little or no public domain data is available on the comparative fatigue life of man-made-fibre ropes in the above

constructions at sizes appropriate for Floating Production Systern (FPS) deepwater mooring. The

recommendation provided in DPD 8.6.2 (Figure 8.6.1) for an appropriate fatigue curve is based on the evidence

that the tension-tension fatigue lives of properly terminated fibre ropes is better than steel wire ropes ot strand at

the sizes tested.
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Comparative data for polyester rope in different constructions are set out in EC-5.5.

Recommendations on avoidance of fatigue due to excessive numbers of cycles at low tension are set out in DPD-

553

3.3 PROTECTIVE JACKET CONSTRUCTIONS

3.3.1 JACKET DESIGN

Design of the protective jacket will depend critically on location, depth and installation technique.

It is recommended that the jacketing should be provided with a clearly visible longitudinai stripe to allow for

initial monitoring of twisting in the rope. In braided jackets this can be provided by at least two strands of the

braid. one left hand, one right hand, being made from durable, water resistant coloured yarns,

3.3.2 EXTERNAL ABRASION

An important function of the jacket is to protect the rope from external abrasion, which may occur during
transportation, handling at installation or at any other time, or if laid on the sea-bed during the installation
procedure. The rope specification should ensure that the protective jacket is adequate to resist damage due to this

cause.

3.3.3 PARTICLE INGRESS AND AIR POCKET SUPPRESSION

There have been reported instances of strength loss in fibre ropes attributed to internal abrasion due to water-

horne particles and confidential testing programs have confirmed an effect. The fibre rope assembly should_thus,

if possible, be remote from the sea floor. Otherwise. or in regions where water-borne particles are highly

concentrated, suitable jackets which exclude particle penetration whilst allowing water ingress should be

provided.

Plastic jackets will be impermeable, unless intentionally punctured to allow water ingress. Braided jackets may
allow water penetration, but it is not clear to what extent water will be able to displace air completely from the

spaces between strands, yarns and fibres (see Bowie and Williams (1997)). The presence of air pockets may lead

to undue heat build up during cyclic loading. Ropes should either be free flooding or impregnated with a suitable

blocking compound.

3.3.4_FISHBITE RESISTANCE

Fishbite is a potential problem in some locations at some water depths. If fibre ropes are used where serious
fishbite can occur, the specification should ensure that the rope is adequately protected_and its condition

monitored over the lifetime of the installation.
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3.3.5 UV RESISTANCE

Polyester ropes have excellent resistance to UV (Ultra Violet) light, and jacket design need not take account of
this aspect. Uncovered aramid ropes may suffer degradation_of surface yarns if exposed to UV radiation awaiting
installation or if permanently deployed, uncovered, in the upper few metres of water. In such cases an opaque

cover is recommended,

3.3.6 MARINE GROWTH

There are ne recorded instances of strength loss in man-made-fibre ropes caused by marine fouling or its by-

products.

The presence of marine fouling may affect the ability to inspect the rope. Also if marine growth is to be removed

mechanically this must be done in such a way that avoids damage to the rope itself. (see Milne (1970)).

3.3.7 JACKET BENDING RIGIDITY

The jacket should be sufficiently flexible to permit the fibre rope assembly to be safely deployed over rollers or
sheaves, of diameter to be specified by the system designer, under the design deployment loads. The Jjacket
should be capable of temporary deployment around the bending radius values suggested for installation of fibre

ropes in DPD-12.2.4 (Table 12.2.1) and extended storage when wound onto the specified transportation drums.

3.3.8 VORTEX INDUCED VIBRATION SUPPRESSION.

In areas subject to steady current over substantial depth, vortex induced vibration may possibly induce bending
fatigue, particularly close to terminations, Means of designing against this form of damage include provision of a
tapered polymeric jacket to form a bend restrictor which would then form part of the termination (see DPD-

4.2.4).
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4. ROPE TERMINATIONS

4.1 TERMINATION TYPES

4.1.] END TERMINATIONS

Three main types of end termination may be considered for man-made-fibre rope assemblies for deepwater
mooring. These are the socket and cone, the conventional socket and the spliced eye. These are more generally

known as
¢ barrel-and-spike’
s ‘resin socket’
e spliced eye’
terminations respectively.

The key merits and disadvantages of these termination types are discussed in EC-4.1, which also describes

current field experience and provides a listing of termination types.

Of the termination types listed above, only the spliced eye has been qualified for strength and resistance to

hysteresis heating at sizes of man-made-fibre rope appropriate for deepwater mooring of large structures. The

barrel-and-spike termination has been strength tested on fibre rope at over 14,000 kN (= 1,400 tonnes). Several
companies are currently developing resin socket terminations for man-made-fibre ropes. A list of references to

such work is set out in the EC.

4.1.2 IN-LINE JOINTS

Due to limitations of length manufacturing or transportation in large rope size, a number of rope lengths joined
together may be required to make a longer line length required for deeper water. Test lengths for removal and
testing are also needed. For drilling or temporary moorings, a number of shorter lengths will facilitate reuse in

different water depths.

All the terminations types listed above may be joined together with steel hardware similar to that used for
connecting wire/chain systems. This has the disadvantage of being heavy and can apply undue bending moments
in the area of the in-line joint. Other materials may be used, such as fibre reinforced composites, if they have

been proven to be satisfactory by design and testing.
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An alternative method of providing permanent in-line Joints is by the butt splice method that involves no steel
‘hardware. The butt splice method uses the same splicing technique as the eye splice, except that no eye is
formed and each splice is made back-to-back. This method is suited to Joining lengths in the rope factory before
deployment offshore although in principle such a joints could be made on site during deployment given suitable
procedures and quality control. The jacketing of the rope in the vicinity of the butt splice joints would require

special attention.

Line with mid-length joints need special consideration when being stored on reels for transportation and
deployment so that the weight and shape of the termination hardware does not damage the other parts of the rope

on the reel.

4.2 MATERIALS

4.2.1 EXISTING SPECIFICATIONS

Materials used for spliced, resin socketed and barrel-and-spike terminations should meet, where relevant, the

requirements set out in the following specifications

* DNV Certification of Offshore Mooring Steel Wire Ropes, May 1995, paras 2.3, 3.4
and 5

* BS 464 Specification for thimbles for wire ropes
® BS 3226 Specification for thimbles for natural fibre ropes
® BS 7035 Code of practice for socketing of stranded steel wire ropes

These specifications include steels and resins used for steel wire rope and have not necessarily been developed

for fibre rope.

Termination materials should also have adequate resistance to corrosion, hydrolysis and adequate flexibility at
minimum exposure temperatures throughout design life. It should be noted that corrosion in steel terminations

can be difficult to protect against, particularly at junctions remote from the platform.

4.2.2 OTHER MATERIALS

A range of materials for protecting and covering terminations will be required for which no existing guidelines
or specifications exist. The requirements for such materials may be system and location specific and should be

agreed between Manufacturer and Purchaser as detailed in DPD-9.2.7 and DPD-9.2.8,

4.2.3 CLOTH PROTECTION FOR SPLICED EYES

For spliced eye terminations, protective cloth will be required between the eye and the pin or bush that fits
through the eye. Such cloth should provide low friction and high wear resistance between the fibre rope and the

pin or bush,
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Alternative eye protective materials may be used. If a thin cover of elastomeric material is used to protect
against chafing, then it shall be highly elastic such that the rope is not constrained from stretching or bending. If
a thick cover of elastomeric material is used to encapsulate the eye, it shall be applied over a tape or cloth which

covers the eye and prevents direct adherence to and penetration into the rope.

4.2.4 BEND RESTRICTORS

Bend restrictors may be required and are typically made from polyurethane elastomers.

Bend restrictors should minimise damage to the fibre rope through unacceptably tight bending, crushing or flex
fatigue at the termination/rope interface.

4.2.5 BUSHES, THIMBLES AND PINS

Bushes, thimbles or pins are usually made from steel. Other materials, such as polymers and fibre-reinforced

composites may be used if they have been proven to be satisfactory.

4.3 TERMINATION STANDARDS, GUIDELINES AND SPECIFICATIONS

4.3.1 PROTOTYPE TESTING

No commonly accepted standards, guidelines and specifications exist for man-made-fibre rope terminations for
deepwater fibre moorings. In specifying terminations in DPD-9.2.7 and DPD-9.2.8, it is thus recommended that

the philosophy of first building and testing a carefully specified prototype rope be followed.

4.3.2 TERMINATION CONSTRUCTIONAL DIFFERENCES

Note in particular that within each generic termination type a number of specific constructions and assembly
methods exist. Since none of the specific termination constructions and assembly methods applicable to
deepwater fibre moorings are yet standardised, it is essential that the method used in assembling the prototype

rope be fully specified and documented by the supplier.

4.4 TERMINATION PROPERTIES AND DIMENSIONS

4.4.1 STRENGTH

Comparative average strength efficiencies for small ropes in various terminations are provided for information

purposes only in EC-4.4.1 (Table EC-4.4.1). It is not yet clear how valid these comparisons are for large ropes.
Spliced eye terminations should represent the strength of the installed rope.

The Certified Breaking Strength (CBS) of the fibre rope assembly, by definition, takes account of the strength

efficiencies of all terminations within the assembly.
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4.4.2 AXIAL STIFFNESS

The axial stiffness of man-made-fibre ropes may be taken as being independent of termination type for fibre

mooring assembly lengths exceeding 20 metres.

4.4.3 TENSION-TENSION FATIGUE LIFE

No data is available on the comparative fatigue life of man-made-fibre ropes in the above terminations at sizes
appropriate for deepwater mooring. Comparative data for smaller sizes of aramid, polyester and HMPE rope in

different terminations are set out in EC-4.4.3 (Figures EC-4.4.2 through EC-4.4.7).

4.44 FLEXURAL RIGIDITY

The transition of flexural rigidity between termination and clear rope should be gradual and without sudden

changes of rigidity that could cause localised bending fatigue.

4.4.5 FORCES AND MOMENTS AT CONNECTIONS

When a termination on the end of a fibre rope is connected to other components in the system via a pin_the

effects of frictional forces and torque arm at this connection should be considered to ensure that undue bending

moments are not imparted in the termination_and that separate legs of the splice are not overloaded (see Figure

4.4.1).

4.4.6 SPLICED EYE HARDWARE

Spliced eyes will require hardware in the form of a pin, bush or thimble fitted into the eye to make a connection

between a fibre rope and other components in the mooring system.

The selection of D/d ratio, bearing diameter of the eye hardware ‘D’ over rope diameter ‘d’ is critical to provide

adequate strength and fatigue performance. The minimum acceptable D/d ratio to be used should be set to

ensure full Certified Breaking Strength of the assembly and to avoid excessive pressure between rope and spool.

The maximum D/d ratio should be set to avoid excessive abrasion and fusion between rope_and spool due to

rope stretch,

Table 4.4.1 summarises D/d ratios used by rope makers for selecting eye hardware in conventional fibre rope
constructions in polyester. The table also gives suggested values for D/d ratios provided by rope makers for

deepwater mooring lines.
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Table 4.4.1
Suggested D/d Ratios for Spliced Eye Hardware

(based on recommendations of Ropemakers)

Fibre Rope Types D/d ratios for eye hardware for fibre
ropes
Conventional Rope Constructions in 1.5-40
polyester and nylon
Deepwater Mooring Ropes 1.5-6.0
Notes: D= pin or bush diameter

d=rope diameter

For guidance , four samples representing two of the malterials and rope constructions here considered have been
qualified at full scale in the Norsk Hydro JIP (1997) at D/d ratios between4.4/1and49/1.

There is no other public domain fest data available at full scale and in the rope constructions proposed for

deepwater fibre mooring.

4.5 TERMINATION SELECTION

The rope termination should meet the fibre rope assembly tensile requirements (see DPD-9.3.2).

The fotlowing properties specific to the mooring concerned should also be specified:
e Termination maximum weight/dimensions
e Bending limitations which apply to shipment and installation

e Restrictions on electrochemical potential of any metallic components

Such information should allow the rope supplier to offer a suitable termination.

REFERENCES

API RP 28K (1997) “Recommended Practice for Design and Analysis of Station
keeping Systems for Floating Structures”; American Petroleum
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Norsk Hydro JIP (1997) Fibre Rope Testing 1995-97 - Final Report Phase 1 and 2 - A Study
into the Mechanical Properties and Heat Build-up Characteristics of
Small Scale and Full Scale Polyester and Aramid Rope

File:gAprojects\jis-edgireports\dpdireva\d-rdvb.doc Printed: 15/06/98 Page 6 of 7




NDE/TTI

Engineers Design Guide - Deepwater Fibre Moorings
Design Practice Document - Rev.4

TTI(1992)
DNV (1995)

BS 464 (1958)
BS 3226 (1960)
BS 7035 (1989)

Appendices

None

Figures

KN
I
(S

(:

e
&
=
&

Py
—

US NAVY CONTRACT N62474-87-C-3073

Certification of Offshore Mooring Steel Wire Ropes_( Cert. Note
No 2.6) , paras 2.3, 3.4 and 5, May 1995

Specification for thimbles for wire ropes
Specification for thimbles for natural fibre ropes

Code of practice for socketing of stranded steel wire ropes

File:gi\projectsyjis-edg\reportsidpdirev4\d-rdvb dec

Printed: 1 5/06/98 Page 7of 7

|

|




NDE/T TI Engineers Design Guide - Deepwater Fibre Moorings
Design Practice Document - Rev. 4

Figure -4.4.1

Forces and Moments at Spliced Eye Connections

[ I S

SECTIONA-A

a) Spliced eye with line deviating from central alignment by 8 as a result of "No-Slip" at the Pin/Spool.

¢) Equilibrium Forces at Pin and Spool. Out of balance force in lines causes moment which must be
carried by friction between rope and spool and spool and pin.

File:g:\projectsyjis-edg\reports\figs\dpd-441.doc Printed: 30/06/98



NDE/TTI

Engineers Design Guide - Deepwater Fibre Moorings

Design Practice Document - Rev.4

rlva DRAFT DPD6:002/5.9,96/ MRP jwsh 11 Septerber 1996
rivb with mods agreed at mecting on 17.5ept.96 Twps
2va New DPD5(old DPD6) with mods by jwsh rwps 11 Mar 97
r2vax mods jwsh 16 Mar
r2vb mods Jwshfjct/rwps 18/22 Mar
riva new rev after SC#4 rwps et al 20 0ct 97
plus jwsh ‘B’ comments + sundry other changes including rwps/mrp dated  4.Nov.97
plus jwsh changes in e-mail received 5.Nov.97
r3vb plus changes by mrp/rwps 5.Nov.97 1o remove “requirements” etc
plus changes to include comments by jwsh 11.Nov.97
final mods rwps 16.Nov.97
rdva changes following #ti/nde meeting tti/nde 17 .Feb.98
rdva text corrections wWps 7 .May.98
rdva changes noted after TTI meeting rwps 21 May 98
rdva mods given in TTI fax dated 21/5/98 wps 21 May 98
rdvb tti/nde wps 11 June 98
rdvb tii/nde following nfr rwps 15 June 98
5. ROPE ASSEMBLY PROPERTIES 2
5.1 INTRODUCTION 2
5.2 SIZES AND STRENGTH 2
2.2.1 _ STRENGTH DEFINITION 2
5.22 TYPICAL VALUES 2
2.2.3  EFFECTS OF LENGTH ON STRENGTH 2
5.2.4  CREEP RUPTURE 2
5.3 ELONGATION AND STIFENESS 3
3.3.1 INTRODUCTION 3
3.3.2  STIFFNESS DEFINITIONS 3
3.3.3  TYPICAL ROPE STIFFNESSES 4
3.34 UNRECOVERED ELONGATION 5
54 HYSTERESIS HEATING AND DAMPING 6
5.4.1 _ HYSTERESIS HEATING 6
3.4.2  DAMPING 1]
3.5 FATIGUE 6
3.5.1  FATIGUE EXCITATION MODES 6
2.5.2 _ TENSION-TENSION FATIGUE 7
3.5.3 AXIAL COMPRESSION FATIGUE 7
3.6 STRENGTH FALL-OFF DURING DESIGN LIFE 9
3.7 DELAYED ELASTIC RECOVERY 9
5.8 TORQUE AND TWIST EFFECTS 9
5.9 MINIMUM BENDING RADIUS 9
5.10 OTHER ENVIRONMENTAL EFFECTS 10
5.11 HEALTH, SAFETY AND ENVIROMENTAL CONSIDERATIONS 10
3111 _SNAP BACK AT FAILURE 10
5.11.2 ENVIRONMENTAL POLLUTION 10
5.12 EFFECT OF WATER DEPTH 10
File:g\projects\jis-edg\reports\dpdirev4\5-rdvb.doc Printed: 15/06/98 Page 1 Ofu




NDE/TTI Engineers Design Guide - Deepwater Fibre Moorings
Design Practice Document - Rev.4

5. ROPE ASSEMBLY PROPERTIES

5.1 INTRODUCTION

The key technical characteristics for fibre rope assemblies, combining rope and termination are set out below.

5.2 SIZES AND STRENGTH

5.2.1 STRENGTH DEFINITION

In conformity with API RP 2SK (1997) the strength of the terminated fibre rope assembly is defined by the

Certified Breaking Strength (CBS) guaranteed by the manufacturer, which is the minimum strength of the

assembly. Other strength definitions are set out in Appendix 1.

5.2.2 TYPICAL VALUES

Typical values, for first design purposes, of weight in water and rope diameter (with jacket) for rope assemblies
of 10,000 kN ( =1,000 tonne} certified break strength are set out in Table 5.2.1 below. To a first approximation,

strength will scale with weight in air or diameter squared,
Table 5.2.1

Typical Rope Weights And Sizes For 10,000 kN ( = 1,000 tonne} Break Strength

{including Jacket}

polyester aramid HMPE steel
(for compatison}

total weight in air ,kg/m 23 12 8.4 57
total weight in water, kg/m 59 33 buoyant 48
typical overall diameter, min 175 120 125 108

5.2.3 EFFECTS OF LENGTH ON STRENGTH

Chains and ropes are only as strong as their weakest section and so become weaker with increasing length.

Provided variability is minimised by guality control during manufacturing, the strength loss in the ropes being

considered would be small and covered by the safety factors for maximum line tensions given in Table 8.2.2.

5.2.4 CREEP RUPTURE

All fibre ropes will fail after long times under loads less than the break load measured over the time of a tensile
test. For polyester and aramid ropes under typical mooring loads, the times involved would be extremely long.
Any limited effect will be within the uncertainty of measures of break load. Only if ropes were seriously

weakened by fatigue would creep rupture become significant as the final mode of failure.
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HMPE yarns creep substantially although the amount of creep is very dependent on the particular HMPE yarn in

gquestion.. When using HMPE ropes for deepwater mooring the risk of creep rupture should be evaluated in
consultation with the yarn supplier and ropemaker, taking account of the expected loading history and other

conditions,

5.3 ELONGATION AND STIFFNESS

5.3.1 INTRODUCTION

The elongation of a fibre mooring assembly depends partly on the applied force acting on the rope stiffiiess and

partly on unrecovered elongation resulting from previous loading. The stiffness of a fibre mooring assembly

depends on many parameters. Of these the most important are load, strain range, loading history and, in some

specific cases, cycling frequency. Similarly, the unrecovered elongation depends on the detail of the previous

loading history. These are discussed in more detail in the EC-5.3. However more research is needed to fully

characterise these properties.

An alternative approach is to simplify the problem by defining linear minimum and maximum stiffness values.
The minimum stiffness values are then used to calculate maximum platform offset and the maximum stiffness to
determine line loadings. This is the simplified approach for design provided by this document as set out in detail

in DPD-8.4.1_ 1t is assumed that the unrecovered elongation is taken up by retensioning the lines.

If the mooring analysis is to use non-linear rope load-extension curves, which are different in recovery and
change with history, then either extensive testing will be needed or an enhanced, computable, rope extension

model will be required together with validation data. Such procedures are not yet available.

3.3.2_STIFFNESS DEFINITIONS

The load-elongation properties of fibre ropes (discussed in EC-5.3), which, in detail, arc complicated, can be

reduced to a number of linear elastic stiffness values for mooring calculations.
Stiffness below is defined by the quantity E.A where
E.A = Rope Stiffness (in units of force) = force/strain
and where
A = the cross sectional area of the rope (area)
E = the effective elastic modulus of the rope (force per unit area per unit strain)

Note that rope area can be defined in various ways and it is necessary to ensure consistency in calculations. For

rope tensile properties, it is most convenient to use the rope fibre area, namely the area occupied by fibres in the

cross-section; this is preferably restricted to the load-bearing fibres excluding the jacket. For some other

purposes, the total rope area, based on an external measurement of diameter or circumference, is appropriate.
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The rope stiffness E.A is equivalent for an elastic spring system to K.L |
ie. E.A=K.L
where
K = the effective elastic spring coefficient (force per unit length extension)
L = the length of the spring (in units of length):
E.A is also equal to specific modulus times rope weight (or, strictly, mass per unit length).
The minimum and maximum stiffness values that are recommended for the mooring analysis are defined as: I

Post-Installation Stiffness : E.A (Post-Inst.) is the stiffness over the load or strain range of interest in
quasi-static loading immediately after installation. It is the stiffness which
corresponds to the extensibility of the mooring lines under quasi-static loads
once the Minimum Installation Tensioning (see DPD-12.5.4) has been l

performed during installation.

Storm stiffness : E.A (Storm) represents the maximum stiffness in cycling from the mean load |
during the maximum design storm to the cyclic strain limits predicted in the
maximum design storm. This stiffness will result in the largest loads being

generated in the mooring lines as the platform moves compliantly in the storm.

The stiffness will increase if a tnore severe tensioning regime is applied after the Minimum Installation

Tensioning specified above or following periods of operational cyclic loading. These Infermediate stiffness

values may be substituted for the Post-Installation Stiffness, if this is necessary 1o reduce offset, provided the

appropriate installation and operation procedures are adopted.

Note that insufficient data currently exists to establish formal relationships between the above measures of fibre

mooring line stiffness. However an example based on data from a polyester rope is illustrated in Figure 5.3.1.

5.3.3 TYPICAL ROPE STIFFNESSES

Typical values of maximum (“Storm”} and minimum (“Post-Installation’) stiffness data, for deepwater fibre
moorings suitable for the initial design calculations, based on polyester, aramid and HMPE fibres, are given in

Tabile 5.3.1. To a first approximation these stiffness values will scale with the break strength of the rope.
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Table 5.3.1
Typical stiffness values for parallel yarn, parallel strand, and wire-rope construction ropes

{based on a 10,000 kN { =1,000 tonne) Breaking Strength Rope)

rope material Post-installed stiffness Intermediate stiffness Storm stiffness
E.A(Post-InstykN E.A(Int)/kN E.A(StormWkN
Dpost-inst storm
polyester 100,000 100.000-300,000 300,000-450,000
aramid 330.000 330.000-600,000 600,000
HMPE 350,000 350,000-700.000 700.000

Where stiffnesses as specified in Table 5.3.1 are inadequate to assure compliance with fatigue, offset, maximum
load and minimum load limits, precise loading conditions should be defined to allow exact values of relevant
load/extension data to be determined on a prototype rope. Suggested testing methods are discussed in DPD-

9.2.3. Typical intermediate stiffness values are included in Table 5.3.1.

5.3.4 UNRECOVERED ELONGATION

Total elongation of the fibre rope assembly throughout the design lifetime should neither exceed the take-up

capacity of the winch system nor lead to creep rupture.  Elongation in fibre rope assemblies results from

bedding-in of the rope structure and terminations and from both instantaneous extension and creep in the yarns.

It will occur 10 a greater or lesser degree in all fibre rope assemblies under both steady and cyclic loads.

The designer and installer should be informed by the rope manufacturer of the amount of elongation due to

bedding-in_and creep to be expected on loading during installation. The desiener may_calculate the effect of

increase of line length between retensioning,

For polyester and aramid ropes, the continuing eloneation dug to creep tends to be a constant amount for each

equal increment of log(time) at a given load. As discussed further in EC-5.3.4, the creep in one decade of

log(time) in FIBRE TETHERS 2000 (1995) tests of polyester and aramid varns ranged from 0.01% to 0.16%

extension at 30% of break load.

HMPE yarns showed much greater creep, ranging from over 10% per decade of log{time) at 15% of break load

in the worst case to 1% at 30% of break load in the best case. As noted in DPD-5.2.4 abave, creep in HMPE is

highly dependent on the particular varn type and the temperature and is less in ropes than in yarns. Some

guidance is given in EC-5.3.4, but the extent of creep elongation in HMPE ropes should be estimated in

consultation with the yarn supplier and ropemaker, taking account of the expected load history on the rope.
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5.4 HYSTERESIS HEATING AND DAMPING

5.4.1 HYSTERESIS HEATING

High internal temperatures can occur in tension-tension fatigue cycling of ropes at high strain amplitudes. The
maximum temperature rise depends on diameter, internal pressure, constructional type, sheath type and
thickness, lubricant, presence of water or fillers and many other factors. As mentioned in EC-5.4.1, joint industry

studies indicate that heating effects will be small in large polyester ropes for strain amplitudes less than 0.25%.

Temperature limits for PET, HMPE, nylon and aramid fibres are set out in Table EC 5.4.1. The designer should
consider alternate constructions and materials if prototype tests indicate that equilibrium temperatures exceed the

values there indicated.

5.4.2 DAMPING

Taut fibre rope moorings will contribute damping to the system from internal energy dissipation (hysteresis) in

the rope and external energy dissipation due to movement in the water.

The drag force will vary linearly with rope external diameter and thus for fibre rope mooring systems it will
generally be equal to or greater than drag force for steel ropes of the same strength_for equivalent motions. The

computation of the fluid damping is covered in DPD-8.3.4.3.

Line hysteresis damping factors for polyester parallel strand and steel wire rope are compared in Table EC-5.4.2.

The longitudinal axial damping factors for fibre rope are less than those for steel wire rope_for similar motions

but rise steeply with applied strain. Data is not currently available on the energy absorbed by the other modes of
internal damping (bending, shearing and torsional) of fibre ropes, but these modes are considered to be the least

significant.

5.5 FATIGUE

5.5.1 FATIGUE EXCITATION MODES

Deepwater fibre mooring assemblies are subject to fatigue loading and the effect of fatigue on the mooring

system should be considered.

Since the fibre mooring assemblies covered by this guideline will be terminated to chafe chain at both ends,

bend-over-sheave fatigue loading will be limited to any which occurs in deployment or retrieval operations.

Tests are currently in hand to establish suitable D/d ratios for such deployment or retricval purposes.

It is here assumed, as in DPD-5.8, that the whole mooring system will be torque free, so avoiding rotational
loading fatigue, especially at terminations. (It is important to note that even nominally torque balanced fibre

rope constructions can exhibit torque under tensite load due to variability between rope components)

Tension free-bending fatigue loading on taut mooring lines should be addressed by design of articulated

terminations that minimise bending moments.
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Two forms of axial fatipue loading are discussed below.

3.5.2 TENSION-TENSION FATIGUE

Figure 5.5.1, based on extensive evidence discussed in EC-5.5.2, shows that the tension-fatigue life of polyester
ropes is greater than that of steel chain or wire ropes. Indications are that a similar situation exists for aramid

and HMPE ropes.

It should be noted that little of the above data has been derived on ropes of comparable construction or size to
those required for FPS moorings. Appropriate tests should be conducted on prototype ropes where analysis

indicates inadequate life.

In the case of HMPE and other fibres data on ropes of appropriate construction is scanty, and design should be

based on appropriate tests on prototype ropes backed by modelling.

5.5.3 AXIAL COMPRESSION FATIGUE

Axial compression fatigue, which may occur when a rope experiences an excessive number of cycles at low

tension, can cause failyres, but with proper precautions is avoidable. Although axial compression fatigue also

occurs in steel, it is not generally a concern in catenary moorings because the weight of the rope ensures that

substantial tension is maintained at all times, In taut moorings, the rope tension may fall to low values at certain
times, or even go slack on leeward lines during storms. Under these conditions, axial compression fatigue,

which is a consequence of repeated sharp kinking of fibres, may be a problem after a large number of cycles.

In order to prevent some rope components going into axial compression, it is not sufficient to maintain a positive

tension on the rope as a whole. There are two reasons for this, (1) In an ideal rope construction, every

component would have exactly the right length to fit the rope geometry; in other words, all components would be
just at zero tension when the whole rope was at zero tension. In practice, this is not possible. Due to varying
tensions on components or other aspects of manufacturing variability, some components will be longer and
some shorter than the ideal equalising length. Consequently, at zero rope tension, components will have a range
of tensions from negative (compression) to positive (tension). A certain minimum tension will be needed to
ensure that all components are under tension. (2) When a rope twists, the lengths of components at different
positions within the rope change. In the simplest case of 2 single twisted yarn, the outer helical path will become
longer as twist is increased and shorter when it is decreased. In a parallel yarn rope, with zero initial twist, twist
in either direction will increase the path length at the outside of the rope. In other ropes, which are multiply
twisted structures, the geometry is more complicated, but length changes will always occur on twisting. Once
again, this means that components forced to take longer paths will be under tension, while those following
shorter paths will be under compression, when the tension on the whole rope is zero. A minimum tension is

needed to maintain tension on all components.

The problem of axial compression fatigue raises two practical questions for the mooring system designer,
installer and user. What minimum tension on the rope is necessary in order to avoid components going into

compression? How many cycles of axial compression can occur without serious damage to the fibres?
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No general answer can be given to the first question, because the first compression mechanism is dependent on
the quality of the rope manufacture in minimising variability and the second compression mechanisin depends on

the torsional mechanics of the total system.

In some laboratory tests, axial compression fatigue has been found in certain constructions of aramid ropes when

cycled with minimum tensions in excess of 10% break load. though other constructions are unaffected (sec EC-

5.5.3). In a follow-up of FIBRE TETHERS 2000 (1995) tests, a_polyester rope showed no evidence_of axial

compression fatigue after 12 million cycles at 20 +/- 10% of break load, i.e. a minimum of 10% break load.

Provided the ropes are well made and not subject to significant twisting, the risk of axial compression should be

small if the tension in polyvester ropes does not fall below 59, of break load. Indeed there is_substantial

unpublished evidence that axial compression fatigue does not cause strength loss in some polyester ropes down

to minimum loads of 2.5% CBS. This lower limit might be adopted after appropriate tests and in particular

cases.

In the absence of fuller test data, the guideline is here provisionally set at $% CBS for polyester ropes and 10%

CBS for higher modulus ropes.

Based on yarn buckling tests carried out in FIBRE TETHERS 2000 (1995), provisional guidance can be given

on how many axial compression cycles _yarns can stand before serious strength loss occurs. Table 5.5.1 gives the

summary results of these tests_and includes a guideline figure for the number of allowable cycles below the

minimum tension level,

Table 5.5.1

Axial Compression Fatigue in Yarn Buckling Tests

(from FIBRE TETHERS 2000(1995}))

Yarn Material Cycles to Failure

Detectable Strength Guidance Design Severe Strength Loss

Loss Limit
polyester 50,000 100,000 1,000,000
HMPE 20,000 40.000 200,000
aramid 1,000 2,000 40,000

File:g:\projects\jis-edg\reports\dpd\rev4\3-r4vb.doc Printed: 15/06/98 Page 8 of 11




NDE/TTI Engineers Design Guide - Deepwater Fibre Moorings
Design Practice Document - Rev.4

2.6 STRENGTH FALL-OFF DURING DESIGN LIFE

Limited data currently exists to quantify the rate of strength fall-off experienced by full scale man-made-fibre
rope assemblies for FPS moorings (available results are discussed in EC-4.5.4 and EC-5.6). Such moorings
would typically be required to possess a 20 year design life. However there is no evidence to suggest
performance inferior to that of steel wire rope. For steel ropes it is assumed that break strength and fatigue life

are independent of each other,

For fibre ropes the exceptions (which can be avoided by sensible design) are where axial compression fatigue or
internal abrasion are significant mechanisms. These can cause a steady reduction in residual strength during

cycling as shown in Figure EC-5.6.1. In such cases, safety factors should be increased appropriately.

5.7 DELAYED ELASTIC RECOVERY

Instantaneous elastic extension is naturally recovered when loads are reduced. However part of the creep under
high loads is primary creep, which is recovered over time, when loads are reduced. This is known as delayed

elastic recovery and can occur after storm conditions and affect mooring line tensions.

3.8 TORQUE AND TWIST EFFECTS

Twisting of a fibre rope changes its strength and, more seriously, is a source of axial compression and structural
fatigue. All components of a deepwater fire rope mooring system should be torque-balanced, in order to
minimise these problems. However, twisting cannot necessarily be completely eliminated during instaliation and
operation. It can result from effects including: torque balance may not be perfect at all tensions: rope variability
may lead to twisting; buckling into three-dimensions is accompanied by twist; and twist may occur in handling,

The relationship between axial strain and twist varies significantly depending on the type of rope construction

being used.

If the deviation from torque balance in the system is appreciable, a full analysis must be carried out,

There should be no problem if this strain difference 1 less than 0.1%, which is about 1% of break strain, in order

to avoid problems due to twisting. This allows for a maximum of 1 turn in 50 rope diameters. As with the
recommendations for maintaining minimum tension, a limited number of cycles at higher twist levels may be
allowed during installation or at other times. However, it is suggested that these should not exceed 1 turn in 20

diameters.

3.9 MINIMUM BENDING RADIUS

The bending effects, particularly at terminations, of any lateral vibration of the line as a result of vortex shedding

should be considercd in the design.
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During repeated cycling such as would result from Vortex shedding parallel construction ropes should not be

bent to a radius of less than 500 diameters. These restrictions do not apply to_transportation, deployment or

retrieval operations for which cycling to higher curvatures is allowabtle as set out in DPD-12.2.4.

5.10 OTHER ENVIRONMENTAL EFFECTS

Most fibre ropes are highly resistant to UV and chemical attack even when unsheathed, as set out in EC-2 (Table

EC-2.2.2.2). Other external causes of degradation such as fishbite and external wear are a function of jacketing

material, as discussed in DPD-3.3.

Synthetic fibres suitable for moorings are unlikely to show any chemical degradation as a result of exposure to

marine growth.

Loss of strength due to hydrolysis in polyester ropes will not occur to an appreciable extent unless the
temperature is greater than 30°C for long periods of time. HMPE is not subject to hydrolysis. Aramid yarns are
more affected by hydrolysis and, although this will not be a problem in most circumstances, the possible loss of

strength should be evaluated in consultation with the yarn supplier.

.11 HEALTH, SAFETY AND ENVIROMENTAL CONSIDERATIONS

5 A

5.11.1 SNAP BACK AT FAILURE

Considerable energy will be stored elastically in the tensioned lines of a taut leg mooring and the safety
implications for the crews and equipment of the floating platform if one of the lines was to break should be

considered.

The problem should be considered both during the installation of the rope (see DPD-12.2.11) and when periodic

adjustments of mooring line tensions (DPD-13.2) are made during the lifetime of the installation.

5.11.2 ENVIRONMENTAL POLLUTION

Basic fibre materials do not give rise to any pollution problems.

5.12 EFFECT OF WATER DEPTH

At 2,000 meter depth, the hydrostatic pressure is 20 MPa, which is about 2% of the strength of polyester or

nylon yarns and a smaller fraction of the strength of the other yarns. This should have a negligible effect on yarn
mechanical properties, and would only be responsible for a small transverse strain and the accompanying axial
strain on a rope. The weight of the rope will also cause changes in tensile stress atong the rope, together with
some bending of the mooring. At 2,000 meters, these effects are probably negligible, but, certainly for much ‘

greater depths, a proper analysis and experimental check is desirable.
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Figure 5.3.1

Linearised Stiffness Limits Recommended for Use in Mooring Analysis of
Polyester Mooring Lines
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Figure 5.5.1

Tension-Tension Fatigue Design Curves for Conventional Mooring
Elements (as per API RP 2SK)
compared with
Available Test Data for Polyester Ropes

Tension-Tension Fatigue Design Curves and Available Fibre Rope Test Data
Steel Component values from API RP 25K (withLm=0.3)
Polyester Values from OTC 4307
All Values are 95% Confidence Limit Results
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6. OTHER MOORING LINE COMPONENTS

6.1 GENERAL

In addition to the fibre rope assembly considered in DPD-5 additional items will be required to complete the
mooring system. These will include some or all of the following:

e anchors

» chain cable

e stecl wire rope

= connecting hardware

e clump weights

* spring buoys

» pennant lines

¢ winches

e swivels

instatlation buoys

As in conventional moorings items such as buoys, clump weights, chain and steel wire rope can be used to

change the profile of the fibre mooring line and thus modify the load excursion characteristics.
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All items in the moorings system should meet International Association of Classification Societies (IACS)

requirements and be designed to mect their requirements for both maximum Joad and fatigue life,

The following guidance concerns the effect that these items may have on a fibre mooring line.

6.2 ANCHORS

Insert line catenary mooring systems in which there is no uplift at the anchor may use conventional anchor types

such as drag-embedment anchors which are not designed to resist vertical forces,
Taut leg mooring systems require anchors capable of resisting vertical loads at the seabed.

The types of anchor available for resisting vertical leading include:
¢ piled anchors
* suction (or caisson) anchors

*  Vertical Loaded Anchors

The selection of the type of anchor for fibre moorings depends on a number of factors such as soil condition,

instaflation equipment and anchor positioning accuracy.

6.3 CHAIN CABLE

Design guidance for chain is provided by API RP 28K Section 3.1.2. It is the traditional mooring line material
and has been widely used for moorings in shallow to medium water depth. When it is used with fibre ropes, its
heavy weight and high resistance to seabed abrasion make it the ideal component to be used near the touch
down point. Such an arrangement can effectively prevent contact between the fibre rope and sea floor. The
heavy chain also acts like a distributed clump weight to reduce the vertical load on the anchor. Chain is an

inherently torque balanced construction. When taut it has a significant resistance to applied torque.
Chain cable may also be deployed for connection to the fairlead zone and used for winching operations.

When used with fibre rope care is needed to ensure that the chain does not damage the fibre rope during

installation or operation.

6.4 STEEL WIRE ROPE

Design guidance for wire rope is provided by API RP 2SK (1997) Section 3.1.3. Wire rope has reduced weight
in comparison to chain cable of the same strength and has reasonable resistance to handling and wear. The likely
application of wire rope in fibre rope moorings is for the top connection to the platform thus allowing the fibre
rope to remain clear of the fairlead and winching system. It may also be connected to anchors where it can cut

into the soil more effectively than chain and thereby lower the uplift load applied by the soil reverse catenary.

Wire rope may have very different torque-twist characteristics from fibre rope and if used in series with a fibre

rope the designer should ensure that the torque and twist limits for both the steel wire rope and the fibre rope,

stated by the manufacturer, are not exceeded.
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6.5 CONNECTING BARDWARE

Shackles, swivels and connection links are used to connect different line components. Design guidance is
provided by API RP 28K (1997) Section 3.1.7. These items should have adequate strength and fatigue reserve to

maintain the integrity of the mooring line.

Swivels should only be used if they are consistent with the torque behaviour of the mooring line, Lines which
develop significant torsion under axial loading should not be used with swivels which would release the twist

and weaken the rope.

6.6 CLUMP WEIGHTS

Clump weights are considered in AP RP 2SK (1997) Section 3.1.5. They provide a mass, usually deployed near
the line touch down position, to modify the compliance of the mooring line. For fibre rope systems they are able
to help reduce the vertical uplift load on the anchor and maintain axial tension in the leeward lines at large

platform offsets.

6.7 SPRING BUOYS

Spring buoys are considered in API RP 2SK (1997) Section 3.1.6. They provide a buoyancy load at a point

along the mooring line. This alters the catenary shape of the line and can be used to optimise a mooring system.

Spring buoys will have an effect on the dynamic behaviour of the mooring line and such effects should be
studied during the mooring analysis. An appropriately deployed mid-water buoy may be able to reduce the line

dynamic tension by altering the natural period of the mooring line.

Surface buoys used to provide temporary support for fibre ropes in advance of the arrival of the platform must
be used with caution. If fibre ropes are left buoyed but un-tensioned their low weight in water can result in fibres
going into compression as a result of modest environmental loading. Recommendations for the maximum
number of low tension load cycles that various fibre materials can withstand are given in DPD-5.5.3 (Table

5.5.1).

6.8 PENNANT LINES

Pennant lines are required to mark anchors with surface buoys and are also used to recover the anchor when a
mooring is retrieved. It must be strong enough to pull the anchor out of its embedded position. The length of line
used should kept short enough so that the bottom of the pennant does not drag over and damage the fibre

mooring rope at the seabed.

Consideration should be given to the dynamic loads seen by pennant lines during the deployment of anchors.

The use of heave compensation equipment may assist in minimising the dynamic loads seen in these lines.
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6.9 WINCHES

Various types of winches are considered in API RP 28K (1997) Section 3.2. They allow the line to be tensioned
after the mooring spread has been connected. In fibre rope mooring systems it is likely that the tensioning of the
line at the platform end wilt be done by winches acting on chain or wire rope in order to avoid the fibre rope

passing over the rig fairlead.
The winch must have sufficient tensioning capacity to tension the lines in order to remove the effects of initial

extension and provide the installation tension required by the mooring design. During the life of the platform the

winches will be required to remove creep extension in the lines and restore the mooring system line pre-tensions.

The mooring design may also require the winches for periodic removal, inspection and replacement of the lines.

References
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